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We investigate the gravitational particle production in the bounce phase of Loop Quantum Cos-
mology (LQC). We perform both analytical and numerical analysis of the particle production process
in a LQC scenario with Bunch-Davies vacuum initial condition in the contracting phase. We obtain
that if we extend the validity of the dressed metric approach beyond the limit of small backreaction
in which it is well justified, this process would lead to a radiation dominated phase in the pre-
inflationary phase of LQC. Our results indicate that the test field approximation, which is required
in the truncation scheme used in the dressed metric approach, might not be a valid assumption in
a LQC scenario with such initial conditions.
I. INTRODUCTION
It is well known that in the description of the very early
universe and tracing back the time evolution, we enter in
a Planck scale regime where quantum gravity effects can
dominate. On such scales, modifications of General Rela-
tivity (GR) are expected to be important. In the theoret-
ical explorations of the early universe, one generally uses
the Friedmann-Lemaˆıtre-Robertson-Walker (FLRW) so-
lutions to the Einstein equations (with appropriate mat-
ter sources) as background spacetimes. However, the
FLRW spacetimes of interest are incomplete in the past
due to the Big Bang singularity, when matter fields and
spacetime curvature diverge. General relativity is not a
suitable theory once curvature reaches the Planck scale,
where quantum effects become important. Therefore, we
cannot expect reliable results for quantum fields evolving
in classical backgrounds. The natural way is to look for
a quantum theory of gravity, which, e.g., can provide the
quantization of spacetime.
There are some viable candidate models of quantum
gravity that can be able to describe the physics of the
very early universe. Some of these models share the fea-
ture of avoiding the initial singularity, which results in
a non-singular bouncing universe. In these models, the
quantum effects are important at the Planck scale and
are responsible for the bounce, but become less impor-
tant as the universe evolves away from Planck scale, thus
eventually recovering GR. Among these quantum grav-
ity candidates, Loop Quantum Gravity (LQG) provides
a promising avenue in this direction [1–8]. Loop Quan-
tum Cosmology (LQC) arises as the result of applying
the principles of LQG to cosmological settings [9–11]. In
LQC the quantum geometry creates a repulsive effective
force that is totally negligible at low spacetime curvature,
but grows rapidly in the Planck regime, overwhelming the
classical gravitational attraction. In cosmological mod-
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els, while Einstein’s equations hold to an excellent degree
of approximation at low curvature, they receive impor-
tant corrections in the Planck regime. As a consequence
of these corrections, any time a curvature invariant grows
to the Planck scale, quantum geometry effects dilute it,
resolving the problems of singularities of GR.
In addition to the bounce and contraction phases, the
inflationary scenario admits an extension for LQC in the
expanding phase. Actually, from the observational point
of view, a slow-roll inflation must take place in order to fit
observational data [12]. As shown in Ref. [13], in LQC
by starting with a scalar field with a typical potential
considered in inflationary models, after the bounce an
inflationary phase will almost inevitably sets in. Several
analysis have shown that the bounce picture in LQC is
also robust with respect to the inclusion of an inflationary
potential [13]. In this context, it is important to analyze
the physical implications of pre-inflationary dynamics in
LQC, i.e., the quantum evolution from the bounce to the
onset of the slow roll.
An important aspect to investigate in bouncing cos-
mologies is the Parker mechanism of gravitational par-
ticle production (GPP) [14, 15], which has shown to be
very efficient in the bounce phase of several models [16–
22]. If we assume that the spacetime is the Minkowski
one both at early (pre-bounce) and at late (post-bounce)
times, but underwent a period of expansion during an
intermediate time interval, then the initial Minkowski
vacuum state of a test scalar field χ will evolve nontriv-
ially during the intermediate time interval to a final state
which is not equal to the final time Minkowski vacuum.
From the point of view of the final Minkowski frame, the
final state contains χ particles. The same phenomenon
applies to linear cosmological perturbations that evolve
in a similar way to test scalar fields on the cosmological
background. It was shown in Ref. [16] that in the matter
bounce scenario the process of GPP is sufficient to pro-
duce a hot early universe. It was also shown in Ref. [22]
that this same mechanism, under some conditions, can
also be responsible for the emergence of a hot thermal
state in the universe in the New Ekpyrotic model, thus
avoiding the need to introduce an additional reheating
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2phase. In Refs. [19, 20, 23, 24], the GPP was also anal-
ysed in the context of other bouncing cosmologies 1.
In this work, we compute the GPP via the Parker
mechanism [14, 15] in the pre-inflationary phase of LQC.
We compute the energy density stored in the produced
particles and compare it with the background energy den-
sity, which we consider to be dominated by the kinetic
energy of the inflaton field before the slow-roll phase. In
our framework, we will consider gravity coupled to scalar
fields and study the dynamics of quantum fields on quan-
tum cosmological spacetimes.
Since the interest relies on the dynamics of quantized
fields propagating on these quantum cosmological back-
grounds, one needs a quantum gravity extension of the
standard field equations. The extension we are going
to consider lies in the framework of the dressed met-
ric approach, which allows for a description of the field
mode equations in a form analogous to the classical
one [27]. The dressed metric approach considers a trun-
cation scheme that is assumed to be well justified in the
cases in which the backreaction of the produced modes
are negligible. By computing the backreaction of the
gravitationally produced particles in the pre-inflationary
phase of LQC, we will be able to test the validity of the
dressed metric approach in this scenario.
This paper is organized as follows. In Section II, we de-
scribe the background dynamics of the LQC model con-
sidered here. In Section III, we analyze the gravitational
particle production in LQC. In Section IV, we present the
analytical and the numerical results for the energy den-
sity of the particles produced. Finally, our concluding
remarks are presented in Section V.
II. BACKGROUND MODEL
We consider LQC as our cosmological scenario from
which the Einstein’s equations receive explicit modifica-
tions in the Planck regime. The spatial geometry in LQC
is encoded in the volume of a fixed fiducial cubic cell,
rather than the scale factor a, and is given by
v =
V0a3m2Pl
2piγ
, (2.1)
where V0 is the comoving volume of the fiducial cell, γ is
the Barbero-Immirzi parameter [28] of LQC, whose nu-
merical value is given by γ ' 0.2375, mPl ≡ 1/
√
G =
1.22 × 1019 GeV is the Planck mass and G is the New-
ton constant of gravitation. The conjugate momen-
tum to v is denoted by b and it is given by b =
−4piγP(a)/(3a2V0m2Pl), where P(a) is the conjugate mo-
mentum to the scale factor.
1 In Ref. [25, 26] this production was analyzed specifically in the
context of LQC, but in a different framework than the one con-
sidered here.
The solution of the LQC effective equations implies
that the Hubble parameter H can be written as
H =
1
2γλ
sin(2λb), (2.2)
where λ = (48pi2γ2/m4Pl)
1/4 and b ranges over (0, pi/λ).
The energy density, ρ, relates to the LQC variable b
through ρ = 3m2Pl sin
2(λb)/(8piγ2λ2). Then, the Fried-
man equation in LQC assumes the form [13]
1
9
(
v˙
v
)2
≡ H2 = 8pi
3m2Pl
ρ
(
1− ρ
ρc
)
, (2.3)
where ρ is the energy density, ρc = 3m
2
Pl/(8piγ
2λ2) ≈
0.41m4Pl is the critical density in LQC and the dots denote
derivatives with respect to the cosmic time. For ρ 
ρc, we recover GR as expected. The expression (2.3)
holds independently of the particular characteristics of
the inflationary regime. We can see that the singularity
is avoided in this model and, when the energy density
approaches the critical density, the universe undergoes a
bounce with H = 0.
We consider a cosmological scenario in which the en-
ergy content of the universe is dominated by the inflaton
field, with a potential V (φ). We also consider in our
scenario an extra scalar field χ with no interactions to
standard model (SM) fields and also no direct coupling
to the inflaton. Hence, the field χ only couples to φ and
to the SM particles gravitationally. The field χ is what
is usually called in the literature a spectator field. In ad-
dition, we assume that χ is not dynamically important
in determining the expansion rate of the universe in the
pre-bounce and around the bounce phases. Thus, χ has
negligible contribution to the background dynamics dur-
ing these phases. However, due to the marked change
in the metric evolution at around the bounce, we expect
that χ will be produced gravitationally and it can have
important effects in the post-bounce subsequent evolu-
tion. We want to determine how important will be this
contribution of the GPP of χ particles to the subsequent
post-bounce pre-inflationary dynamics.
Due to the quantum nature of H, we can explicitly
observe the evolution of the scale factor during the cos-
mological phase close to the bounce, where the universe
is dominated by the inflaton field, which is described by
a barotropic fluid with equation of state p = ωρ. This
solution reads (see, e.g., Ref. [29]):
a(t) = aB
[
1 +
6piρc
m2Pl
(1 + ω)2t2
] 1
3(1+ω)
. (2.4)
In this work, we will consider the case of a bounce
dominated by the inflaton kinetic energy, which behaves
as stiff matter, i.e., like a fluid with equation of state
ω ≈ 1. During this phase, the scale factor is given by
a = aB
(
1 + γB
t2
t2Pl
)1/6
, (2.5)
3where γB ≡ 24piρc/m4Pl ' 30.9 and tPl ≡ 1/mPl is the
Planck time. This can be accomplished with the homo-
geneous scalar field inflaton φ subjected to a potential
V (φ), whose evolution equation reads
φ¨+ 3Hφ˙+ V,φ = 0. (2.6)
In this scenario, with the bounce dominated by the
kinetic energy of φ, the evolution of the universe after
the contraction, and prior to preheating, can be divided
in three different phases according to the behavior of
the equation of state of the dominant fluid (see, e.g.,
Ref. [30]): The bouncing phase, the transition phase and
the slow-roll inflation phase. In the bounce phase, which
lasts from the bounce until around t ∼ 104tPl, the evolu-
tion of a(t) is independent of the inflationary model, since
the inflaton potential energy density is negligible around
the bounce. In the transition phase, the kinetic energy of
the inflaton decreases very rapidly (about 12 orders from
its initial Planck scale), and the equation of state changes
suddenly from w(φ) ∼ 1 to w(φ) ∼ −1. The transition
phase is very short compared to the other phases. It
starts at t ∼ 104 tPl and last until t ∼ 105 tPl. After that,
the slow-roll phase starts with the inflaton potential en-
ergy dominating. From the bounce time to the beginning
of inflation (i.e., during the pre-inflationary phase) the
universe expands around 4− 5 e-foldings [30, 31]. As we
will see bellow, the dynamics of the fields equations is
different in each of these three phases.
As already mentioned above, the aim of this work is to
see how the GPP of an spectator scalar field χ can affect
the pre-inflationary phase of LQC. At the same time, this
will also provide us with means to test the validity of the
dressed metric approach in this scenario. We begin by
describing the mechanism of particle production in the
following section.
III. PARTICLE PRODUCTION IN CURVED
SPACE-TIMES
We consider the standard procedure of describing
quantum fields on classical, though curved, spacetimes.
However, this strategy cannot be directly justified in the
quantum gravity era, where curvature and matter densi-
ties are of Planck scale. Nevertheless, using techniques
from LQG, the standard theory was extended providing
us with means to overcome this limitation [27].
A. Dressed Metric Approach
In LQG, we do not have the analog of the full Einstein’s
equations to perturb. Several strategies have been devel-
oped to overcome this issue. Here, we follow the main-
stream strategy in LQG, which consists in first truncat-
ing the classical theory in a manner appropriate to the
physical problem under consideration. Then, the quan-
tization is carried out considering the underlying quan-
tum geometry of LQG. Finally, the consequences of the
resulting framework are derived. The full phase space
is truncated, keeping only the FLRW background with
first-order inhomogeneous perturbations. The truncated
phase space is described by ΓTrun = Γ0× Γ˜1, where Γ0 is
the 4-dimensional phase space for the FLRW background
and Γ˜1 is the phase space of gauge invariant perturba-
tions [32–34]. For a universe dominated by the scalar field
φ, the background phase space Γ0 is coordinatized by
(ν, b;φ, p(φ)) and carries a single Hamiltonian constraint
which implies in the equation,
S0[Nhom] = Nhom
[
−3b
2ν
4γ
+
p2(φ)m
2
Pl
4piγν
+
2piγν
m2Pl
V (φ)
]
= 0,
(3.1)
where Nhom represents an homogeneous lapse. By con-
sidering in the above equation the choice Nhom = 1, it
gives the evolution in cosmic time, while Nhom = a gives
it in conformal time, Nhom = a
3 in harmonic time and
Nhom = a
3V0/p(φ) corresponds to using the inflaton field
as “time clock” (see, e.g., Ref. [32] for more details).
Since the phase space of the truncated system is a
product, the Hilbert space of quantum states has the
form H = H0 ⊗ H1. The Hilbert space of background
fields, H0, consists of wave functions Ψ0(ν, φ). The evolu-
tion of this quantum state is governed by the LQC quan-
tum Hamiltonian constraint. Thus, the wave function
Ψ0(ν, φ) is subjected to the constraint Sˆ0Ψ0 = 0 from the
Dirac quantization procedure. From this constraint, we
are led to the equation −i∂φΨ0(ν, φ) = Hˆ0Ψ0(ν, φ) [32],
where Hˆ0 is a self-adjoint operator whose explicit form
will not be needed here.
Therefore, the evolution of this quantum state with re-
spect to the emergent time variable φ is governed by the
LQC quantum Hamiltonian constraint. Among several
states Ψ0(a, φ) in the LQC Hilbert space, one is inter-
ested in a state that is sharply peaked around a classical
trajectory at late times. Evolving this state by using
the LQC quantum Hamiltonian constraint, it has been
shown that it remains sharply peaked during the whole
dynamical trajectory, even deep in the Planck era [32].
Consequently, the evolution of the peak of such states can
be described by an effective trajectory that is governed
by the effective equations. Now quantum perturbations
propagate on quantum geometries which are regular and
free of singularities, being the energy density bounded
above by the critical value ρc ' 0.41m4Pl.
On the other hand, the classical dynamics on the full
ΓTrun is not generated by a constraint, therefore, one can-
not recover the quantum dynamics for the total system by
imposing a quantum constraint. We do this by first pro-
ceeding in the homogeneous sector as mentioned, by re-
interpreting the quantum Hamiltonian constraint as an
evolution equation in the homogeneous sector and, then,
we “lift” the resulting quantum trajectory to the full
Hilbert space H (see Ref. [32]) considering the truncated
4space. Nevertheless, in order for the truncation scheme
to be valid, we need to ensure that the energy density
stored in the perturbations is much smaller than the en-
ergy density of the background [33], i.e., ρpert/ρbg  1,
all the way back to the bounce. Only then we would be
assured of a self-consistent solution, justifying our trun-
cation, which ignores the back-reaction. Otherwise, one
would have to perform a full quantum gravity theory.
In the scenario considered here, in addition to the dom-
inant inflaton field, we consider a spectator scalar field χ,
which has absent, or negligible interactions to the other
components of the universe. We follow the analysis of
the gravitational production of this scalar field χ in the
framework of the dressed metric approach [27, 32–34],
which has the advantage of allowing the description of
the main equations in a form analogous to the classi-
cal ones. In the dressed metric approach, the equation of
motion of the operators representing scalar perturbations
and the scalar field equations are formally the same as
the usual equations appearing in a classical spacetime in
GR. We will analyze the GPP associated with this scalar
field χ. Considering that χ has a sufficiently small or
negligible mass (compared, e.g., to H in the post-bounce
phase), thus, χ behaves essentially as radiation during
the whole pre-inflationary phase.
In the test field approximation, the dynamics of fields
propagating on the quantum geometry, which is de-
scribed by the quantum state Ψ0, behave as propagating
in a quantum modified effective geometry described by
the following dressed metric [32, 34],
g˜abdx
adxb = a˜2(−dη˜2 + dxidxi), (3.2)
where the dressed scale factor a˜ and the dressed confor-
mal time η˜ are given, respectively, by
a˜ =
(
〈Hˆ−1/20 aˆ4Hˆ−1/20 〉
〈Hˆ−10 〉
)1/4
, (3.3)
and
dη˜ = 〈Hˆ−1/20 〉〈Hˆ−1/20 aˆ4Hˆ−1/20 〉1/2dφ. (3.4)
In the latter equations, Hˆ0 is the background Hamilto-
nian and the expectation values are taken with respect to
the background quantum geometry state, which is given
by Ψ0(a, φ). In this approach, the equations of motion
of the operators representing scalar and tensor perturba-
tions are formally the same as the equations appearing
in classical spacetimes, which in Fourier space read,
µ′′k(η˜) +
[
k2 − a˜
′′
a˜
+ U˜(η˜)
]
µk(η˜) = 0, (3.5)
where primes here denotes derivative with respect to the
conformal time, µk(η˜) = z Rk, with Rk denoting the co-
moving curvature perturbation, z(η˜) = aφ˙/H and
U˜(η˜) =
〈Hˆ−1/20 aˆ2Uˆ(φ)aˆ2Hˆ−1/20 〉
〈Hˆ−1/20 aˆ4Hˆ−1/20 〉
. (3.6)
The quantities a˜, η˜ and U˜(η˜) represent the quantum ex-
pectation values in the background state Ψ0(a, φ). How-
ever, for sharply peaked background states, the dressed
effective quantities are well approximated by their peaked
values a, η and U(η). Then, the equation of motion for
scalar modes, Eq. (3.5), becomes
µ′′k(η) +
[
k2 − a
′′
a
+ U(η)
]
µk(η) = 0, (3.7)
where U = a2(f 2V (φ) + 2fV,φ(φ) + V,φφ(φ)) and f ≡√
2piGφ˙/
√
ρ. The effective potential U is negligible in
the bounce and transition phases and it can then be ne-
glected [30]. Thus, the equation of motion in the bounce
and transition phases can be simply written as
µ′′k(η) +
[
k2 − a
′′(η)
a(η)
]
µk(η) = 0. (3.8)
B. Gravitational Particle Production
By considering the evolution of the Fourier modes Xk
of the scalar field χ, in the dressed metric approach, the
form of its equation of motion is quite analogous to the
classical spacetime equations. Also, by neglecting the χ
mass, the evolution equation for the conformal rescaled
field mode, χk ≡ aXk, simply takes the same form as
that for the perturbation modes Eq. (3.8). Hence, we
can simply identify µk → χk in Eq. (3.8), giving
χ′′k(η) +
[
k2 − a
′′(η)
a(η)
]
χk(η) = 0. (3.9)
Equation (3.9) represents a set of uncoupled oscillators
with time variable frequency
√
k2 − a′′/a. The time de-
pendence of a′′/a stems from the evolution of the scale
factor a(η), which parameterizes the background evolu-
tion. Therefore, for each instant η we define a different
vacuum. Parker [14, 15] established conditions for the
definition of a time dependent particle number operator
n(η). It can be defined if its vacuum expectation value
varies slowly as possible with time as the expansion rate
of the universe is sufficiently slow. Also, this expansion
period must occur between two ”Minkowskian” vacuum
states. One evaluates the effect of GPP occurring be-
tween these vacuum states. The mathematical treatment
is summarized below.
The Hamiltonian for χk(η) in terms of its Fourier
modes reads,
H(η)=
∫
d3k
(
2Ekaˆ
†
~k
aˆ~k + F~kaˆ~kaˆ−~k + F
∗
~k
aˆ†~kaˆ
†
−~k
)
,(3.10)
where
Ek(η) =
1
2
|χ′k(η)|2 +
ω2k
2
|χk(η)|2, (3.11)
Fk(η) =
1
2
(χ′k(η))
2 +
ω2k
2
(χk(η))
2, (3.12)
5where ωk = k in the massless approximation for the χ
field. We diagonalize the Hamiltonian performing the
following Bogoliubov transformation:
bˆ~k = αk(η)aˆ~k + β
∗
k(η)aˆ
†
−~k, (3.13)
where the Bogoliubov coefficients αk(η) and βk(η) satisfy
the constraint |αk(η)|2 − |βk(η)|2 = 1 due to normaliza-
tion of the modes. The resulting diagonal Hamiltonian
reads:
H(η) =
∫
d3k ωk b
†
~k
b~k, (3.14)
and Eq. (3.11), for instance, becomes
Ek(η) = ωk
[
1
2
+ |βk(η)|2
]
. (3.15)
Defining the vacuum states |0(a)〉 and |0(b)〉 such that
a~k|0(a)〉 = b~k|0(b)〉 = 0, we can compute the expectation
value of the number operator Nˆ
(b)
~k
= b†~k b~k in the vacuum|0(a)〉:
nk(η) = 〈(a)0|Nˆ (b)~k |0(a)〉 = |βk(η)|
2. (3.16)
We observe that |βk(η)|2 is exactly the particle num-
ber per mode. Therefore, from Eq. (3.15), we obtain
that Ek(η) = ωk [1/2 + nk(η)] is the energy contribu-
tion of GPP. The Bogoliubov coefficients relate the initial
Minkowskian vacuum states χ
(i)
k to the final ones χ
(f)
k in
the following way:
χ
(f)
k (η) = αkχ
(i)
k (η) + βkχ
(i)∗
k (η). (3.17)
When βk = 0, there is no particle production and the
constraint |αk(η)|2−|βk(η)|2 = 1 gives αk = 1 and, then,
χ
(i)
k = χ
(f)
k for the whole evolution.
From the definition of the particle number per mode,
Eq. (3.16), we can obtain the total particle number den-
sity np(η) and the total energy density ρp(η) produced.
The total particle number density can be defined as the
limit of
∑
k |βk(η)|2 in a box of side L → ∞ divided by
the volume a3(η)L3, which gives
np(η) =
1
a3(η)L3
(
L
2pi
)3 ∞∫
0
d3k nk(η)
=
1
2pi2a3(η)
∞∫
0
dk k2|βk(η)|2. (3.18)
Likewise, the total energy density ρp(η) can by defined
as the momentum sum of ωk nk(η), which results in
ρp(η) =
1
2pi2a4(η)
∞∫
0
dk k2 ωk|βk(η)|2. (3.19)
Equation (3.19) allows us to obtain the energy density
associated with the particles that are gravitationally pro-
duced in the universe.
It is important to mention that the energy density of
produced particles can also be obtained from the expec-
tation value of the energy-momentum tensor of χ field at
any time η, which reads [35]
ρEMp (η) =
1
4pi2a4(η)
∞∫
0
dk k2
{
|χ′k(η)|2 + ω2k|χk(η)|2
+
(
a′
a
)2
|χk(η)|2 − a
′
a
[χ∗k(η)χk(η)]
′
}
. (3.20)
Far from the bounce, when the expansion rate is negligi-
ble, the energy difference due to produced particles with
respect to the initial vacuum reduces to Eq. (3.19).
In the following we will directly solve the equations of
motion for the fields in each cosmological phase.
C. The Scalar Field Equation of Motion
In order to perform a preliminary analytical analy-
sis, we will neglect the backreaction effect of the pro-
duced particles on the cosmological background and we
will solve the equation of motion for the field modes χk,
Eq. (3.9), for each cosmological phase. Backreaction ef-
fects will be considered explicitly when we numerically
solve for the modes later in Sec. IV B.
To obtain the solution for the modes χk, we need to
solve Eq. (3.9) in each phase (bounce, transition and
slow-roll inflationary phase). We will not compute the
particle production in the previous matter contraction
phase since, independently of the details of the contract-
ing phase, particles are effectively produced only after
they get rid of the influence of the potential a′′/a, which
happens soon after the bounce phase in the LQC model
here considered. The behavior of the modes in each phase
depends on which term, k2 or a′′/a, dominates the time
dependent frequency in Eq. (3.9). To analyze the rele-
vant modes, it is useful to define the characteristic length
λ =
√
a/a′′, which plays a role analogous to that of the
comoving Hubble radius. We also define the characteris-
tic momentum kB =
√
a′′/a|t=tB , which is the physical
energy at the bounce. Note that from Eq. (2.5), we have
that
kB ≡
√
γB/3mPl ' 3.21mPl, (3.21)
where we have set aB = 1 at the bounce. The rele-
vant field modes χk are those with k ≈ kB , as these
are the modes expected to give the main contribution to
the GPP. However, the dynamics of these modes have
different behavior when they are inside and outside the
characteristic length λ. We will focus on the modes that
begin well inside λ in the contracting phase, exit λ during
the bounce phase and then enter λ again in the transition
phase and then on. We consider the initial Bunch-Davies
(BD) vacuum state in the contracting phase. In the fol-
lowing subsections we describe the solution for χk(η) in
each cosmological phase.
61. Bounce phase
Since the equations for the momentum modes for the
perturbations, Eq. (3.8), and that for the modes χk,
Eq. (3.9), are essentially identical, we can quite conve-
niently adapt the results already derived by the authors
in Ref. [30] and used in there to solve for Eq. (3.8) to
get the bounce contribution to the power spectrum. This
starts by realizing that Eq. (3.9) can be seen as analogous
to a type of the Schro¨dinger equation and where the term
a′′(η)/a(η) acts like a potential, which behaves as an ef-
fective barrier during the bouncing phase. This potential
can be well approximated by a Po¨schl-Teller potential at
the bounce, i.e., a′′(η)/a(η) ≈ k2B sech2[
√
6 kB(η − ηB)].
In this case, the solution of Eq. (3.9) is then given by [30]
χk(η) = akx
ik/(2
√
6kB)(1− x)−ik/(2
√
6kB)
2
× F1(a1 − a3 + 1, a2 − a3 + 1, 2− a3, x)
+ bk[x(1− x)]−ik/(2
√
6kB)
2F1(a1, a2, a3, x),(3.22)
which is the solution of a standard hypergeometric equa-
tion. In the above equation, we have that
a1 ≡ 1
2
(
1 +
1√
3
)
− ik√
6kB
, (3.23)
a2 ≡ 1
2
(
1− 1√
3
)
− ik√
6kB
, (3.24)
a3 ≡ 1− ik√
6kB
, (3.25)
x(η) = {1 + exp[−2√6 kB (η − ηB)]}−1 and ak and bk
are integration constants determined by the initial con-
ditions. These will be explicitly determined below.
2. Transition phase
In the transition phase, on the other hand, the term
k2 dominates over a′′/a in Eq. (3.9). The solution of the
equation of motion in this phase is given by
χk =
1√
2k
(α˜ke
−ikη + β˜keikη), (3.26)
where α˜k and β˜k are two more integration constants and
also determined when matching the different solutions.
3. Slow-roll inflationary phase
After the transition phase, in the slow-roll inflationary
phase, the universe is no longer in the quantum regime
and the equation of motion reduces to the usual relativis-
tic one,
χ′′k(η) +
(
k2 − ν
2 + 1/4
η2
)
χk(η) = 0, (3.27)
where
ν2 = η2
a′′(η)
a(η)
+
1
4
. (3.28)
In this phase the approximate analytical solution of
Eq. (3.27) is given in terms of the Hankel functions as
χk(η) ≈
√−piη
2
[αkH
(1)
ν (−kη) + βkH(2)ν (−kη)], (3.29)
where αk and βk are again two other integration con-
stants.
4. Matching phases
To determine the coefficients αk and βk in Eq. (3.29),
one needs to match the solutions of each phase in their
intermediate regions. During the contracting phase, close
to the bounce, all the relevant modes are well inside the
characteristic length λ. Then, we can choose the BD vac-
uum state as the initial conditions of the modes. There-
fore,
χink (η) ≈
1√
2k
e−ikη. (3.30)
We can consider the solution of the bounce phase,
Eq. (3.22), in the limit η − ηB  0. By comparing the
resulting equation with the above initial condition, we
obtain that the coefficients ak and bk in Eq. (3.22) are
given by
ak = 0, bk = e
ikηB/
√
2k. (3.31)
Next, by comparing the solution for χk(η) in the bounce
phase, Eq. (3.22), with the solution in the transition
phase, Eq. (3.26), we can obtain the expressions for α˜k
and β˜k. These, compared to the solution in the slow-roll,
Eq. (3.29), in the limit −kη →∞, gives, after some some
algebra, we obtain that [30]
αk = α˜k =
Γ(a3)Γ(a1 + a2 − a3)
Γ(a1)Γ(a2)
e2ikηB , (3.32)
βk = β˜k =
Γ(a3)Γ(a3 − a1 − a2)
Γ(a3 − a1)Γ(a3 − a2) . (3.33)
From the previous results, it then follows that
|βk|2 = 1
2
[
1 + cos
(
pi√
3
)]
csch2
(
pik√
6kB
)
. (3.34)
The coefficients of the slow-roll phase (far future) and
the ones of the contracting phase (far past) are related
through Eq. (3.17). This relation gives that the coeffi-
cient βk of Eq. (3.34) is exactly the Bogoliubov coeffi-
cient. As we have already discussed, the quantity |βk|2
is the number of particles produced per mode k, nk. By
7computing this quantity, we can infer the quantity of par-
ticles produced since the initial BD vacuum in the begin-
ning of the contracting phase 2. This will be computed
in the next section both analytically, when neglecting the
backreaction effect of the produced particles on the back-
ground evolution, and numerically, by fully including its
effect.
IV. RESULTS
We next compute particle production due to the grav-
itational effects both analytically and numerically. From
the analytical point of view, we make use of the results
of the previous Sec. III C 4. In this case, the produced
particles take no part in the dynamics, i.e., there are no
backreaction effects. On the other hand, in the numerical
setting, we consistently compute the particle production
and includes its effects in the universe dynamics, such
that the backreaction effects are self-consistently taken
into account.
A. Analytical Results
The energy density of relativistic χ particles that are
produced due to the bounce is determined by Eq. (3.19)
with Eq. (3.34). When performing the momentum inte-
gral in this equation, we must establish both ultraviolet
(UV) and infrared (IR) cutoffs. This point requires some
discussion since there is not a consensus on the choice of
these integration limits. For instance, in Ref. [33], the
integration limits were chosen such that the range of fre-
quencies integrated are defined by the window of observ-
able modes in the cosmic microwave background (CMB).
This choice implies in a kmin much higher than kB . As
discussed in Ref. [33], the dynamics of modes for such
high values of k is largely insensitive to the background
geometry, so they essentially evolve as if they were in flat
spacetime. In this case the evolved state is indistinguish-
able from the BD vacuum at the onset of inflation. In
addition, there is nothing in principle to prevent particle
production already starting at the scale λ of the effective
horizon, right after the bounce. The particles that are
2 The presence of particles produced before the beginning of in-
flation have consequences to the power spectrum of the model,
which receives a correction factor such that it is written as
∆R(k) = |αk + βk|2∆GRR (k), where ∆GRR is the GR form of
the spectrum [30, 33]. A fast oscillatory behavior of the power-
spectra arises from the final interference term, due to the rapidly
changing relative phase. This oscillation is so fast in k that
in any realistic observations they would be averaged out [33].
Consequently, the LQC power spectrum can be simply given by
rescaling the standard one from General Relativity by a factor
of (1 + 2|βk|2). The same equations of motion described in this
section were also solved in Refs. [30, 33] in the context of the
curvature perturbation.
produced at that moment should contribute to the en-
ergy density, specially if they are relativistic (radiation-
like). In fact, if a too low IR cutoff kmin is taken such
to be much higher than kB , we lose essentially all parti-
cle production, since kB is exactly the scale around which
(and below it) that we expected that most of the gravita-
tional particle production, due to the bounce, effectively
happens. The associated modes may not be observed
today, but they should contribute to the energy density
during all the pre-inflationary era, where their energy
density is not redshifted away too fast. For this reason,
here we choose a different approach. For our purpose
of estimating the energy density stored in the particles
produced, we will be interested in the modes such that
kmin(η) ≤ k ≤ kB , where kmin(η) = λ−1 ≡
√
a′′(η)/a(η)
for all η. The produced modes are effectively considered
as particles after they re-enter the horizon. Those are
the modes which exits and re-enter the effective horizon
λ during the pre-inflationary phase, and then they will
only re-exit λ later, in the slow-roll inflationary phase.
Hence, those are the modes which are expected to give
the largest contribution to the particle production, since
those are the ones that exit λ and re-enters it before infla-
tion starts. Our UV cutoff will then be given by kB , while
λ−1 yields the natural IR cutoff in the present problem.
Therefore, the energy density of the particles created is
given by Eq. (3.19), which with the appropriate IR and
UV cutoffs, can be written as
ρp(η) =
1
2pi2a4(η)
∫ kB
kmin(η)
dk k2 nk(η)ωk, (4.1)
which upon using nk ≡ |βk|2, with |βk|2 given by
Eq. (3.34) and ωk ∼ k for relativistic χ particles, we
obtain that
ρp(η) =
1 + cos
(
pi√
3
)
4pi2a4(η)
∫ kB
kmin(η)
dk k3 csch2
(
pik√
6kB
)
.
(4.2)
Since the integral is dominated by the UV limit kB , we
can simply set the lower limit of integration to zero in
the above equation. Thus, Eq. (4.2) gives
ρp(η) ' 4.5× 10−3 k
4
B
a4(η)
' 0.012 m
4
Pl
a4(η)
, (4.3)
where we have used the result (3.21) for kB . Equa-
tion (4.3) gives the energy density of particles produced
after the main modes re-enter λ after the bounce, i.e.,
when a(η) > 1. As already previously mentioned, the
relevant modes for GPP of relativistic χ particles are the
ones such that k < kB , which are the ones that exit and
re-enter λ during the bounce phase. These modes will
only re-exit λ again in the slow-roll inflationary phase.
Therefore, we can neglect the particle production after
the end of the bounce phase until the beginning of the
inflationary phase, since the relevant modes for GPP are
all inside λ during this period.
8We are considering the cases where the kinetic energy
density of the inflaton is the dominant energy compo-
nent at the bounce. Thus, the background energy evolves
like stiff matter, ρback = ρc/a
6. On the other hand, the
χ GPP evolves like relativistic matter ∼ 1/a4, as seen
in Eq. (4.2). Let us first estimate an upper bound on
the energy density of GPP by imposing that it remains
sub-dominant up to the beginning of inflation. We write
the energy density of particles produced as ρp = ρχ a
−4,
where ρχ is the energy density of particles produced
soon after the bounce (when the main modes re-enter
λ). The elapsed efoldings between the bounce and the
start of inflation in LQC is around Npre−infl = 4 − 5 e-
folds (see, e.g., Ref. [30]). Thus, by requiring that at the
start of inflation ρχ < ρbg, we readily find the condition
ρχ . 2 × 10−5m4Pl for the energy density of relativis-
tic GPP produced around the bounce not to dominate
the energy content of the universe up until before infla-
tion. Let us now estimate ρχ from the result given by
Eq. (4.3). We can take as an estimate the maximum
of GPP to happen around the time ts where a
′′/a = 0
in the post-bounce phase, which can be estimated from
Eq. (2.5) to be ts ' 0.3tPl. Thus, from Eq. (4.3) we can
estimate that ρχ ≡ ρp(ts) ' 5 × 10−3m4Pl. This result
is about two orders of magnitude larger than the upper
bound estimated above for the relativistic GPP not to
dominate until before the beginning of inflation. Given
the previous discussion about the validity of the trunca-
tion scheme used in the dressed metric approach, we see
that what the above result indicates is that this stan-
dard procedure cannot be justified in this scenario, being
necessary a full quantization approach.
However, the above analytical estimate for the energy
density of GPP is expected to overestimate the particle
production, since backreaction of this GPP is fully absent
in the derivation of βk(η) that was presented in the previ-
ous section and, when included, should affect the evolu-
tion dynamics of the background, potentially decreasing
the net GPP. In the next section we compute the particle
production by including continuously the backreaction of
the GPP on the cosmological background. We then verify
whether we can extend the validity of the dressed metric
approach beyond the limit which it is strictly justified.
B. Numerical Results
The inclusion of the backreaction effects of the par-
ticles that are continuously produced on the cosmologi-
cal background can only be done numerically. As in any
problem of GPP, we have to properly account for how the
initial conditions are set, in particular for the field modes.
We can consider two different sets of initial conditions for
the modes. One is the BD vacuum, imposed at the con-
tracting phase right before the quantum bounce, and the
other is the fourth-order adiabatic vacuum state[35] and
set at the bounce. In Ref. [30], it was shown that, in the
scenarios considered here, they are essentially equivalent
and lead to the same results. In the following we take
advantage of this finding and we are going to consider
the initial BD vacuum state in our numerical analysis,
which makes the numerics much simpler.
As we have mentioned in the latter subsection, we will
be interested in the modes such that kmin(η) ≤ k ≤ kB ,
where kmin(η) ≡
√
a′′(η)/a(η). Therefore, using these
UV and IR limits, the energy density of produced par-
ticles, reads like Eq. (4.1) from the previous subsec-
tion. The expression for the number density nk is given
through Ek, Eq. (3.11), expressed in terms of the field
modes χk and their time derivatives. The field modes
χk(η) are explicitly obtained by numerically solving their
equation of motion, given by Eq. (3.9). If we fix the
scale factor as the one given by Eq. (2.5) and compute
the GPP, this procedure must give results similar to
Eq. (4.2). This is the case where there is no backreaction
in the universe dynamics. However, we are interested in
including the effect of particle production on its dynam-
ics, which demands to add to the numerical system the
equation for the stiff matter field evolution, Eq. (2.6),
and to include the energy density of produced particles
in the Friedmann equation, Eq. (2.3).
It is important to draw attention to some of the as-
pects of the GPP considered here. We compute particle
production soon after the bounce. We consider as par-
ticles the modes which get inside λ, after the squeezing
during the bounce, i.e., modes that satisfy k2 < a′′/a
during the bounce phase for some time interval. Then,
the energy contribution from particle production is com-
puted at the instant these modes re-enter λ. For each
instant, we consider the modes which have entered λ and
integrate on these modes. Near the bounce, modes with
k . kB are the relevant ones, whereasthose with k > kB
are neglected as these modes are always inside λ, i.e.,
k2 < a′′/a is never satisfied. As we move away from the
bounce, lower energy modes with k < kB re-enter λ and
are also integrated. To compute the energy of produced
particles, one can use Eq. (3.19), but keeping in mind
that this expression is valid when we compare far past ini-
tial and far future final states. Equation (3.19) then gives
the net energy production between these states. How-
ever, selecting the relevant modes, kmin(η) ≤ k ≤ kB , we
obtain Eq. (4.1), which accounts only for particle modes.
In Subsec. IV A, we use Eq. (4.1) in order to obtain an an-
alytical estimate due to its simplicity. However, for more
accurate results we need to observe that the initial condi-
tion is not specified in the far past, but near the bounce.
This may result in some spurious energy density contri-
bution in the initial vacuum, which must be subtracted.
In this context, we can obtain an exact energy density
of produced particles using Eq. (3.20), which is obtained
directly from the energy-momentum tensor and is inte-
grated along the same lines of Eq. (4.1). However, this
expression does not give the net result, but the energy
density at each instant of time. To obtain a net result, we
must subtract the energy density at the initial vacuum
state. Finally, we discuss the aforementioned subtraction
9and the initial condition. We take our initial condition
before the bounce, at the instant ti where a
′′/a = 0. This
is not too far from the bounce to guarantee the precision
of Eq. (4.1). Also, the fact that a′′/a = 0 at t = ti does
not guarantee that a′/a = 0 in Eq. (3.20), which may
result in non-negligible contributions to the energy den-
sity. However, if we consider the subtraction of the vac-
uum energy for both expressions, the computations are
both consistent. Either way, we have explicitly verified
that if the above cares are properly taken into account,
the results coming from either Eq. (4.1) or Eq. (3.20) are
completely equivalent.
Considering the above remarks, the full set of coupled
equations to be solved numerically is then
H2 ≡
(
a′
a
)2
=
8pi
3m2Pl
a2ρ
(
1− ρ
ρc
)
, (4.4)
ρ =
φ′2
2a2
+ V (φ) + ρp, (4.5)
φ′′ + 2Hφ′ + a2 V,φ = 0, (4.6)
χ′′k +
(
k2 − a
′′
a
)
χk = 0, (4.7)
ρp =
1
2pi2a4
∫ kB√
a′′(η)
a(η)
dk k2ωk|βk(η)|2, (4.8)
|βk(η)|2 = 1
2ωk
[|χ′k(η)|2 + ω2k|χk(η)|2]− 12 . (4.9)
With the bounce dominated by the kinetic energy of
the inflaton, the potential V (φ) can be neglected during
the contraction, bounce and transition phases and, there-
fore, the explicit form of the potential does not affect the
particle production phase. In practice, we consider the
chaotic quartic potential for the inflaton3,
V (φ) =
V0
4
(
φ
mPl
)4
, (4.10)
with V0 fixed by the cosmic microwave background nor-
malization for the amplitude of the power spectrum [37],
which gives V0/m
4
Pl ' 1.37× 10−13.
The initial conditions for the χ field momentum modes
are chosen to be the BD ones,
χk(ηi) =
1√
2k
e−ikηi , χ′k(ηi) = −i
√
k
2
e−ikηi , (4.11)
3 The use a quartic inflaton potential here is only meant for illus-
trative purposes. Any other suitable inflaton potential could also
be considered as well. The difference between others choices of
inflaton potential is expected only to be mostly important on the
slow-roll inflationary dynamics and on the resulting observable
quantities. Even though the quartic inflaton potential is ruled
out in the simple inflationary scenarios, it can lead to consistent
results and be in accordance to the most recent Planck data in
the context of the warm inflation scenario (see, e.g., Refs. [31, 36]
and references therein), where inflation happens in a state char-
acterized by the presence of dissipation and radiation effects.
where the initial time ηi is chosen in the pre-bounce
phase, when a′′/a = 0, which, in terms of the cosmic
time, is found to be ti ' −0.312tPl. The initial condi-
tions for the inflaton field and its derivative are chosen
such that we would have around 60-efolds of inflation
when neglecting the backreaction of the GPP. This gives
φ(ti) ' 1.94mPl and φ˙(ti) ' 0.45m2Pl for the case of the
potential in Eq. (4.10).
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FIG. 1. Evolution of the different energy densities as a func-
tion of the cosmic time. The dot-dashed curve is the result
obtained by numerically solving the coupled set of equations
(4.4)-(4.9). The dashed curve is the background energy den-
sity. The solid curve is the result obtained when using the
approximation given by Eq. (4.2), while the dotted curve is
the result given by Eq. (4.3).
In Fig. 1 we present the behavior of the energy densi-
ties relevant for our analysis. The dot-dashed curve is the
result for the energy density of produced particles by nu-
merically solving the coupled set of equations (4.4)-(4.9).
The dashed curve gives the background energy density.
The solid curve is the result obtained when using the ap-
proximation given by Eq. (4.2), while the dotted curve is
given by Eq. (4.3). We see that the simple result Eq. (4.3)
starts to agree with the one from Eq. (4.2) for t & 0.3tPl.
In either case, both results overestimate the one obtained
from the complete numerical analysis, which consistently
accounts for the backreaction of the GPP. Both results,
however, show a peak around t ∼ 0.2tPl, right after the
bounce and the super-inflation phase. The consistent
inclusion of the backreaction effect smoothly introduces
the produced radiation in the background, ceasing con-
tinuously the particle production. In the numerical cal-
culations, ρp should still grow for a moment after the
modes enter λ, due to the time interval for the stabi-
lization of the modes. By the time t & 0.6 tPl, all the
modes are already stabilized, the GPP ceases and ρp just
redshifts away as relativistic matter, as expected. At its
peak value, we have ρp ' 0.05m4Pl, which is still con-
siderably larger than the upper bound estimated in the
previous subsection, ρχ . 2 × 10−5m4Pl. By extending
the validity of the dressed metric approach, the radia-
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tion gravitationally produced 4 during the bounce phase
in LQC should not dominate the energy content of the
universe before inflation starts. Nevertheless, the numer-
ical analysis, including the backreaction effects, shows
that the radiation domination phase will start already at
around t ∼ 0.5 tPl.
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FIG. 2. Panel (a): The radiation energy density due to GPP,
the inflaton’s kinetic energy φ˙2/2 and potential energy V (φ)
as a function of the number of efolds, in the presence of the
backreation effect due to the GPP (solid lines) and in the
absence of GPP (dashed lines). Panel (b): The equation of
state w = p/ρ, in the presence of GPP (solid line) and in the
absence of it (dashed line).
By extrapolating the evolution up until the start of the
slow-roll phase, in Fig. 2(a) we show the evolution of the
kinetic and potential energies densities for the inflaton
along with the radiation energy density due to the GPP
4 Here we denote as radiation all the contributions which have
equation of state w = 1/3.
and that include all the effects of backreaction due to
the GPP in their respective evolutions (solid lines). For
comparison, we also show the results for the kinetic and
potential energies densities in the absence of the effects
of the GPP. In Fig. 2(b) we show the equation of state
w = p/ρ, in the presence of GPP (solid line) and in the
absence of it (dashed line). The effect of the GPP is clear
in the evolution of the quantities shown in Fig. 2. The
energy density due to GPP quickly dominates over the
kinetic energy soon after the bounce as described above.
The kination regime in the pre-inflationary phase after
the bounce is soon replaced by a radiation dominated
regime (w ' 1/3) that lasts until the potential energy
dominates, when the slow-roll phase starts. While in the
absence of GPP the pre-inflationary phase lasts around 4-
efolds, the GPP extends it to around 6-efolds, thus delay-
ing the start of the inflationary phase. This also reflects
strongly on the duration of the inflationary phase, which
can be seen in Fig. 3, where we show the slow-roll param-
eter H = −H˙/H2, already in the pre-inflationary phase,
till the end of inflation. In the absence of GPP and for
the choice of initial conditions we have taken in our nu-
merical example, we have 60-efolds of inflation. However,
the GPP shortens the inflationary phase to around 30-
efolds. This is a common feature expected to happen to
other choices of initial conditions for the inflaton: There
will be an increase of the duration of the pre-inflationary
phase and a decrease of the inflationary one whenever
radiation dominates the dynamics after the bounce [31].
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FIG. 3. The Hubble slow-roll parameter H = −H˙/H2, from
the pre-inflationary phase up to the end of inflation, as a
function of the number of efolds, in the presence of the effect
due to GPP (solid line) and in the absence of GPP (dashed
line).
V. CONCLUSIONS
We have investigated the process of gravitational par-
ticle production in the pre-inflationary phase of Loop
Quantum Cosmology (LQC). We show, for the first time,
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that if we suppose the validity of the dressed metric ap-
proach in a LQC scenario with BD initial condition in
the contracting phase, which is equivalent to the choice
of a 4th order adiabatic vacuum at the bounce [30], the
backreaction of the produced particles leads to a short
radiation dominated phase before the onset of inflation.
Both the numerical and analytical analysis agree qual-
itatively in this conclusion. In a sense, the cosmologi-
cal scenario we obtain in this case is very similar to the
one obtained for LQC in warm inflation, as shown e.g.,
in Refs. [31, 36]. In warm inflation there is also a pre-
inflationary phase following the bounce that is radiation
dominated instead of kination dominated. However, in
warm inflation, the radiation is produced by the intrinsic
dissipative processes that can drive the decay of the infla-
ton field in light (relativistic) degrees of freedom. Here,
the radiation dominated regime in the pre-inflationary
phase after the bounce is due entirely to gravitational
particle production that occurs during the bounce phase.
In fact, our results give indication that it is not con-
sistent to ignore the backreaction of the gravitationally
produced particles in the pre-inflationary epoch of LQC,
and this backreaction leads to a state at the onset of in-
flation significantly different from the BD vacuum. Since
one should not expected that the dressed metric approach
should be self-consistent in this regime, our analysis put
in check the validity of the dressed metric approach in a
LQC model with such initial conditions.
ACKNOWLEDGEMENT
The authors are thankful to A. Wang for discus-
sions concerning the topic of this work. L.L.G ac-
knowledge the support from Conselho Nacional de De-
senvolvimento Cient´ıfico e Tecnolo´gico (CNPq), Grant
No. 307052/2019-2. R.O.R. is partially supported by
research grants from CNPq, Grant No. 302545/2017-4,
and Fundac¸a˜o Carlos Chagas Filho de Amparo a` Pesquisa
do Estado do Rio de Janeiro (FAPERJ), Grant No. E-
26/202.892/2017.
[1] M. Bojowald, Absence of singularity in loop quantum cos-
mology, Phys. Rev. Lett. 86, 5227-5230 (2001).
[2] A. Ashtekar, T. Pawlowski and P. Singh, Quantum nature
of the big bang, Phys. Rev. Lett. 96, 141301 (2006).
[3] A. Ashtekar, T. Pawlowski and P. Singh, Quantum Na-
ture of the Big Bang: An Analytical and Numerical In-
vestigation. I., Phys. Rev. D 73, 124038 (2006).
[4] A. Ashtekar, T. Pawlowski and P. Singh, Quantum Na-
ture of the Big Bang: Improved dynamics, Phys. Rev. D
74, 084003 (2006).
[5] A. Ashtekar, A. Corichi and P. Singh, Robustness of key
features of loop quantum cosmology, Phys. Rev. D 77,
024046 (2008).
[6] P. Singh, Are loop quantum cosmos never singular?,
Class. Quant. Grav. 26, 125005 (2009).
[7] A. Ashtekar, T. Pawlowski, P. Singh and K. Vandersloot,
Loop quantum cosmology of k=1 FRW models, Phys. Rev.
D 75, 024035 (2007).
[8] L. Szulc, W. Kaminski and J. Lewandowski, Closed FRW
model in Loop Quantum Cosmology, Class. Quant. Grav.
24, 2621-2636 (2007).
[9] A. Ashtekar and P. Singh, Loop Quantum Cosmology: A
Status Report, Class. Quant. Grav. 28, 213001 (2011).
[10] A. Barrau, T. Cailleteau, J. Grain and J. Mielczarek,
Observational issues in loop quantum cosmology, Class.
Quant. Grav. 31, 053001 (2014).
[11] I. Agullo and P. Singh, Loop Quantum Cosmology,
[arXiv:1612.01236 [gr-qc]].
[12] P. Singh, K. Vandersloot, G. Vereshchagin, Non-singular
bouncing universes in loop quantum cosmology, Phys.
Rev. D 74, 043510 (2006).
[13] A. Ashtekar and D. Sloan, Probability of Inflation in
Loop Quantum Cosmology, Gen. Rel. Grav. 43, 3619-
3655 (2011).
[14] L. Parker, Particle creation in expanding universes, Phys.
Rev. Lett. 21, 562-564 (1968).
[15] L. Parker, Quantized fields and particle creation in ex-
panding universes. 1., Phys. Rev. 183, 1057-1068 (1969).
[16] J. Quintin, Y. F. Cai, R. H. Brandenberger, Matter cre-
ation in a nonsingular bouncing cosmology, Phys. Rev. D
90, no.6, 063507 (2014).
[17] Y. Tavakoli and J. C. Fabris, Creation of particles in a
cyclic universe driven by loop quantum cosmology, Int. J.
Mod. Phys. D 24, no.08, 1550062 (2015).
[18] J. Haro and E. Elizalde, Gravitational particle production
in bouncing cosmologies, JCAP 10, 028 (2015).
[19] D. C. F. Celani, N. Pinto-Neto and S. D. P. Vitenti, Par-
ticle Creation in Bouncing Cosmologies, Phys. Rev. D
95, no.2, 023523 (2017).
[20] A. Scardua, L. Guimara˜es, N. Pinto-Neto, G. Vicente,
Fermion Production in Bouncing Cosmologies, Phys.
Rev. D 98, no.8, 083505 (2018).
[21] F. Zago and A. Kosowsky, Quantum particle production
effects on the cosmic expansion, Phys. Rev. D 100, no.4,
045023 (2019).
[22] W. Hipolito-Ricaldi, R. Brandenberger, E. G. M. Fer-
reira, L. Graef, Particle Production in Ekpyrotic Scenar-
ios, JCAP 11, 024 (2016).
[23] L. L. Graef, W. S. Hipolito-Ricaldi, E. G. M. Ferreira,
R. Brandenberger, Dynamics of cosmological perturba-
tions and reheating in the anamorphic universe, JCAP
04 (2017) 004.
[24] Y. K. E. Cheung, J. U Kang, C. Li, Dark matter in a
bouncing universe, JCAP 11 (2014) 001.
[25] Y. Tavakoli, J. C. Fabris, Creation of particles in a cyclic
universe driven by loop quantum cosmology, Int. J. Mod.
Phys. D 24, No. 8 (2015) 1550062.
[26] J. Haro, E. Elizalde, Gravitational particle production in
bouncing cosmologies, JCAP 10 028 (2015).
[27] I. Agullo, A. Ashtekar, W. Nelson, Extension of the quan-
tum theory of cosmological perturbations to the Planck
era, Phys. Rev. D 87, 043507 (2013).
12
[28] K. A. Meissner, Black hole entropy in loop quantum grav-
ity, Class. Quant. Grav. 21, 5245-5252 (2004).
[29] E. Wilson-Ewing, Ekpyrotic loop quantum cosmology,
JCAP 1308, 015 (2013).
[30] T. Zhu, A. Wang, G. Cleaver, K. Kirsten, Q. Sheng, Pre-
inflationary universe in loop quantum cosmology, Phys.
Rev. D 96, no. 8, 083520 (2017).
[31] L. L. Graef and R. O. Ramos, Probability of Warm In-
flation in Loop Quantum Cosmology, Phys. Rev. D 98,
no.2, 023531 (2018).
[32] I. Agullo, A. Ashtekar, W. Nelson, Quantum Gravity Ex-
tension of the Inflationary Scenario, Phys. Rev. Lett.
109, 251301 (2012).
[33] I. Agullo, A. Ashtekar, W. Nelson, The pre-inflationary
dynamics of loop quantum cosmology: confronting quan-
tum gravity with observations, Class. Quantum Grav. 30,
085014 (2013).
[34] A. Ashtekar, W. Kaminski, J. Lewandowski, Quantum
field theory on a cosmological, quantum space-time, Phys.
Rev. D 79 (2009) 064030.
[35] T. S. Bunch, Adiabatic regularization for scalar fields with
arbitrary coupling to the scalar curvature, J. Phys. A 13,
1297-1310 (1980).
[36] M. Benetti, L. Graef and R. O. Ramos, Observational
Constraints on Warm Inflation in Loop Quantum Cos-
mology, JCAP 10, 066 (2019).
[37] N. Aghanim et al. [Planck], Planck 2018 results. VI. Cos-
mological parameters, [arXiv:1807.06209 [astro-ph.CO]].
